. Optical pump/probe setup used to characterize the GST memory element. Pump and probe wavelengths are efficiently separated by using two different colors and a bidirectional scheme where the pump pulse and the CW probe beam are counterpropagating through the onchip device. Light is coupled between the integrated photonic circuit and the fiber-optical setup by means of focusing grating couplers.
S2. Thermo-optical response of GST
To initiate the phase transition in our memory elements, the GST is optically heated above a certain threshold temperature and subsequently cooled down at a sufficiently high cooling rate. If successful, the switching can be observed from a non-revertible change in transmission caused by the change in the optical parameters of the GST. In order to study the dynamics of this phase transition, the optical transmission around the excitation can be monitored time-resolved.
However, during the optical excitation the GST is not only affected by the actual phase transition but also by the temperature increase. Therefore, a possible thermo-optical effect has to be taken into account if the switching dynamics are studied. This effect does not only mask the actual phase transition but it also gives insights into the required energy transfer from the optical pump SUPPLEMENTARY INFORMATION DOI: 10.1038/NPHOTON.2015. 182 
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-3-pulse to the GST. Therefore, in this section we study the thermo-optical effect in crystalline GST to investigate the potential of our memory cell in terms of speed and energy requirement.
Static characterization of the thermo-optical effect in crystalline GST
The thermo-optical effect is a result of the temperature (T) dependence of the complex refractive index n. To first order approximation this relation can be described by a linear function in the temperature change ∆T with the thermo-optical coefficients β and ε: 
In an optical waveguide a change of the refractive index does directly affect both the effective refractive index n eff and the attenuation coefficient α. The temperature dependence, again assumed to be linear, can be expressed in terms of the effective thermo-optical coefficients 
Here, we study the thermo-optical effect of crystalline GST embedded in a photonic
circuit. For precise temperature control the whole chip is placed on a heating stage with high temperature stability while the device characteristics are monitored in the same way as described in the methods section and S1. The complex part of the thermo-optic coefficient, γ, is extracted from the circuit shown in Fig. S2a . The device consists of two identical arms on one of which the GST is placed. Only the optical transmission through the GST covered waveguide section in the left arm is affected by absorption. Since the transmitted power is not sensitive on the phase, the direct comparison of the measured powers P out,ref and P out,GST enables measuring the additional losses arising from the GST. The ratio η of the respective powers can be expressed in terms of the temperature change ∆T as follows:
Measured data for the absorption ratio is presented in Fig. S2b . The observed linear decrease in the logarithmic representation indicates that the attenuation increases considerably with temperature. From the linear fit to the data we extract an effective coefficient
The real part of the thermo-optic effect β eff can, in contrast, not be determined that easily because both silicon nitride (waveguide material) and silicon dioxide (substrate material) exhibit 
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-4-a thermo-optical phase-modulation as well. Though the respective coefficients are rather small, the resulting temperature behavior of the waveguide and substrate shadows the effect of the memory cell in the real part of the refractive index because the GST device used here is much smaller than the overall size of the circuit. However, for our studies this is of no importance because our memory cell is not sensitive to the phase of the electric field. Figure S2 . Static characterization of the thermo-optical effect. a) Optical micrograph of the device under test. Light is coupled in and out of the integrated circuit with the three focusing grating couplers, shown in the lower part of the picture. The additional absorption arising from the GST can be monitored directly by comparing the respective transmitted power P out,GST with the power at the reference port P out,ref . b) Shown are corresponding experimental results at various temperatures between 30 and 180°C. From the observed exponential decrease the presence of a strong thermo-optical effect is confirmed.
Dynamic thermo-optical effect
In our optical pump-probe measurement we are able to observe the thermo-optical effect directly Here, the pump energies are chosen to be sufficiently low in order to inhibit a phase transition of the GST memory cell. Over the duration of the pump pulse at first a continuous decrease of the transmitted probe power is observed. Then, after the end of the pulse, the transmission increases again until it has fully recovered its original value. This behavior results from the optically induced heating of the GST which leads to an increased attenuation (as explained in the previous section) and thus decreased transmission. Hence, the measured change in probe power is directly 
Using the extracted thermo-optical coefficient, the calculated thermal dynamic of a 90 ns excitation with 540 pJ pulse energy is presented in Fig. S3b . Due to the low-power excitation, the GST reaches only moderate temperatures well below the melting point. In the same figure, also the result of a finite-element simulation of the thermal response (using COMSOL) is shown. Both the shape of the curves and the final temperatures are in good agreement. Deviations are expected to result from the uncertainty in the thermal properties of the involved thin films. The geometry of the simulation and the obtained temperature profile at the end of the pump pulse are depicted in Fig. S3c . For simplicity, we included the optical heating by modelling the GST as a local heat source. However, heat is not generated uniformly within the memory cell due to successive absorption of light in the direction of propagation. Therefore, we designed the heat source in our simulation to decrease exponentially with α = 1.1 dB/µm in this direction 1 , using the measured absorption coefficient of the GST films. The thermal parameters of the simulation are summarized in Table S1 .
SiO 2 Si 3 N 4 GST cry ITO
Density ( kg/m 3 ) 2200 3200 6200 [2] 7100
Heat capacity ( J/(kg•K) ) 740 700 217 [3] 1290 Thermal conductivity ( W/(m•K) ) 1.38 30 0.59 [4] 11 Table S1 . Thermal parameters used for the finite-element simulations above.
The final temperature within the GST element is governed by the amount of absorbed optical energy and thermal diffusion. Hence, the thermal dynamics are expected to depend linearly on the inserted pump energy. This is also observed in our measurements as shown in Figure S3. Dynamic observation of the thermo-optical effect. a) Measurement of the thermooptic effect during optical excitation. While the GST is heated with the pump pulse (upper panel), the transmission decreases considerably (lower panel). However, after the end of the excitation the transmitted probe power recovers again due to a rapid cool-down. b) Thermal dynamics of the GST upon excitation. The experimental curve is derived from the dynamics of the optical transmission and the known thermo-optical effect according to Eq. S4. c) Geometry of the finiteelement simulation (COMSOL) and the obtained temperature profile at the end of the pump pulse. The optical excitation is implemented by modelling the GST as a local heat source. The optical pulse is injected from the front facet, leading to higher temperatures at the entry point of the propagating optical wave. Figure S4 . Linear dependence of the temperature on the pulse energy. a) Influence of the pump energy on the temperature change for 100 ns excitation pulses. Since the thermo-optical dynamics are governed by heat diffusion, the observed linear increase is expected. b) Normalized change in probe transmission for various pulse energies. Regardless of the pump energy, the thermo-optical response exhibits the same heating and cooling rate.
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Energy transfer
Since the recorded thermo-optical response is a direct measure of the system's temperature change it provides insights into the energy transfer from the optical wave into the GST. Hence, the response can be used to study the amount of energy which diffuses into the waveguide and the substrate instead of heating up the GST. This is of particular interest because low switching energies are a key requirement for memory applications. For our analysis, we consider the ratio of energy E GST deposited in the GST with respect to the overall absorbed energy E tot after a certain pulse length ∆t. Here, E tot depends on the pulse energy E pulse and the attenuation factor A = exp(-α•L•ln(10)/10). Independently, E GST can be derived from its heat capacity C GST and the temperature increase ∆T upon excitation. By rephrasing the latter in terms of the effective slope C eff introduced above and the pulse energy, this ratio can be expressed as follows:
For the device under consideration, the respective results are presented in Fig. S5 . It can be observed that for longer pulses considerable more energy gets lost due to thermal diffusion. This is intuitively clear because the thermal system is given more time to thermalize and therefore the waveguide and the substrate reach higher temperatures. For short pulses predominantly the GST is heated due to a much smaller thermal mass. Therefore, sub-nanosecond pulses have the potential to reduce required switching energies by up to one order of magnitude in comparison to the switching energies we measured so far. Figure S5 . Ratio of the thermal energy in the GST. The observed decrease for longer pulses is a result of an increasing impact of thermal diffusion. Therefore, more and more energy gets lost into the environment which makes longer pulses in terms of energy requirement unfavorable. The shown curve is derived from experimental data according to Eq. S5.
Study of the cooling rate
GST is reported to exhibit amorphization within few picoseconds 5 and crystallization times reaching the sub-nanosecond regime 6, 7 . In addition to this material-specific behavior, however, the GST cooling time constant after the optical excitation contributes to the overall switching speed limit as well. In this context, the thermo-optical effect gives us further valuable insight into the cooling process and thus enables us to study the speed dynamics of our memory cell.
In our switching scheme with a rectangular pulse we have two degrees of freedom, the pulse energy and the length of the pulse. While, as depicted in Fig. S4b , the thermal dynamics do not depend on the pulse energy, the cooling rate is considerably higher for shorter pulses. This effect can be clearly seen from the measured thermo-optical responses summarized in Fig. S6 . cool-down time with decreasing pulse length can be seen. Eventually, with a 500 ps pulse we measure a 1/e cooling time as short as 760 ps and thus an overall switching time of 1260 ps. 
S3. Write Speed
Using the pump/probe setup sketched in Fig. S1 , we were able to record the read-out transmission by means of an ultra-fast low-noise photoreceiver and a high-speed oscilloscope with 6 GHz bandwidth. Several data traces for excitation with 10 ns Write pulses are presented in Fig. S7a .
The top trace shows the temporal envelope of the optical driving intensity (980±30 pJ pulse energy) which initiates the phase-transition. In the same figure the recorded optical transmission traces at the read-out wavelength are presented for three different devices with varying GST cell dimensions (250 nm × 1000 nm (green), 500 nm × 1000 nm (red) and 1000 nm × 1000 nm (purple)). All traces show the general switching trends going from low to high transmission upon amorphization during Write. We observe an increased contrast, up to 4% for the 1000 nm × 1000 nm device (purple trace), for bigger GST cells due to stronger interaction with the guided light. However, we also show that small cells with dimensions as low as 250 nm (green trace) exhibit two clearly distinguishable states. This is of particular importance because such small memory elements provide the potential for both high integration density for memory registers and lower energy requirements. 
SUPPLEMENTARY INFORMATION
Rios, Stegmaier et al., Integratable all-photonic nonvolatile multi-level memory
-10-With the time-resolved pump-probe measurements we are able to investigate the dynamics of the switching process directly in the time domain 8 . First, during the optical pumping a drop in device transmission is observed. This decrease is, however, not related to the actual phase transition but results from thermal heating of the GST below the transition temperature. Due to the small size of the memory element the absorbed optical pump power rapidly raises the temperature of the GST which alters the refractive index without phase change. The observed initial drop in transmission is therefore a pure thermo-optical effect. Once the melting temperature is reached, the material loses its crystalline order and transforms into the unordered liquid state while still being kept at elevated temperatures because of the presence of the optical pump. When the pump light is turned off, the temperature decreases rapidly and the GST is locked in a disordered state.
We note that while we have demonstrated that our memory cell can be operated with pulses as short as 10 ns, considerable higher operation speeds of the optical memory element can be achieved. For the subsequent discussion we want to distinguish between the time period required for the actual phase-transition and the post-excitation relaxation time. The latter, which we can consider as a 'dead time' for the memory, must also be taken into account if we are to determine true, practicable speed limits. Both amorphization and crystallization time are intrinsic properties of the GST-cell and have been reported to take place at picosecond 9 and sub-nanosecond 10 timescales, respectively. Thus, we anticipated that the memory cell can be switched using subnanosecond pulses of sufficiently high peak power.
We investigate the thermal relaxation times upon excitation in order to study the true speed limits of our optical memory. Our analysis is based on the aforementioned thermo-optical effect allowing direct observation of the thermal dynamics from measured changes in the optical transmission. We study the response of the probe beam to low-power excitations as illustrated in the inset of Fig. S7b . A pump pulse with low enough power is chosen to prevent the PCM from switching its phase; consequently the observed optical response is purely thermo-optical. As previously discussed, the increase in local temperature after an excitation pulse requires a finite amount of time to settle the level of the transmitted signal. In order to quantify the true speed limit of the proposed optical memory, we measure the post-excitation 1/e decay (settling) time over a broad range of pulse lengths, as presented in 
-11-(taking into account both pulse length and relaxation time). Furthermore, Siegel et al. 11 showed that dead times in conventional GST-based optical discs can be on a 100 ps timescale in case of femtosecond pulse operation. Therefore, we anticipate that with even shorter, picosecond-order pulses, further reductions in the 'dead time' of our memory should result. Combining such reduced 'dead times' with the known fast material-intrinsic phase-transition times of GST 9 , we thus expect that both amorphization and crystallization can be carried out in our devices with operation speeds in the GHz-regime.
Figure S7. Switching dynamics and speed of the PCM photonic memory. a)
The GST is optically excited by a 10 ns Write pulse (upper panel) which leads to an increase in read-out transmission (lower panel) due to a decrease in attenuation upon amorphization. The initial drop in transmission during the optical excitation is a pure thermo-optical effect caused by the lightinduced heating. Inset: the memory elements feature sizes of 250 nm × 1000 nm (green), 500 nm × 1000 nm (red) and 1000 nm × 1000 nm (purple). b) Memory cell dead times for various optical pulse lengths, derived from measured thermo-optical relaxation times (inset sketch). The overall speed can be viewed as the combination of pulse length and dead time which approaches the GHz-regime for sub-nanosecond pulses. 
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S4. Erase
While we use a single pulse for the Write transition (amorphization), the Erase (recrystallization)
is performed by a train of consecutive pulses with decreasing energy. This procedure, in full detail explained in the methods section, enables us to operate the memory element with high reproducibility. Data on a full switching cycle is presented in Fig. S8 . The used optical pulses are sketched in the upper panel. In contrast, the read-out (lower panel) is measured at all times during this cycle with a low-noise photoreceiver. First, the 5 µm long GST device is amorphized with a single 100 ns pulse of 562 pJ energy leading to a change in read-out transmission of 28 %.
Afterwards, the Erase is carried out by seven pulses with 562 pJ, 524 pJ, 465 pJ, 425 pJ and three of 373 pJ, respectively. Each of these pulses initiates a partial recrystallization of the GST. The respective switching dynamics, recorded by a fast photodetector, are shown in Fig. S8b . During the switching pulse (0-100 ns) a continuous decrease of read-out transmission is observed.
Subsequently, the transmission increases again which results from the cool-down of the GST (thermo-optical effect). However, due to the partial recrystallization the absorption of the GST has increased and thus the transmission settles at a lower level. 
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S5. Modulation depth
Here the modulation depth is defined as the static change in optical transmission past a particular memory cell upon switching. The modulation depth is stated with respect to the read-out transmission of the base (level 0) crystalline state. The switching energy, on the other hand, is defined as the amount of absorbed optical power (calculated from the known absorption and the measured energy of the pump pulse) required for this phase-transition. In our memory cells the contrast of the transmission levels before and after switching depends on the dimensions of the GST element. Short GST sections provide low optical attenuation and therefore high transmission. In this configuration the contrast in transmission between the amorphous and the crystalline state is notably small 1 , which limits the number of achievable memory levels. On the other hand, shorter GST devices require lower energies to switch the material. In the following we compare two types of GST devices, with a length of 1 µm and 5 µm, respectively, in terms of the required switching energy and read-out contrast. The results are summarized in Table S2 .
With 5 µm long GST devices we obtain high contrast up to 58.2 % using long pulses of 200 ns duration. In this case the switching energy amounts to 596 pJ. For 1 µm long devices the maximum contrast reaches 16 % when using 200 ns long pulses, at a lower switching energy of 194 pJ. A higher transmission contrast can therefore be obtained at the expense of higher switching energy and increased GST device footprint. 
µm GST 5 µm GST
S6. Wavelength-selective addressing of a single memory cell
In the main text we show that on-chip optical cavities enable wavelength-selective addressing and storage of data in single cells. However, optical resonators also offer improved device performance since the effect of a phase-transition is multiplied by cavity-internal interference.
In the following we demonstrate that with the geometry and the switching scheme presented in the main text modulation depths exceeding one order of magnitude are possible. 
S7. TEM analysis
We use high resolution transmission electron microscopy (HRTEM) to further verify that our alloptical memory operation is based on nondestructive manipulations of the phase state of GST. can be attributed to a cubic structure close to that of Ge 1.57 Sb 1.57 Te 4 . In contrast, for the section of a GST device manipulated with a Write pulse no crystalline structure can be observed in the HRTEM image (Fig. S10d) . In addition, the corresponding Fourier transform ( 
S8. Non-volatility of the all-optical memory
The lifetime of phase-change materials has in the past been extensively investigated both in the context of conventional optical discs and in electrical phase-change memories. In particular,
GST has been found to be stable for years 7 , a key requirement for nonvolatile memory applications. In the context of integrated optical devices, nonvolatile data retention is important for realizing long-lived memory cells and eventually tunable components that maintain their desired output state. In Fig. 1 and Fig. 4 we have already provided data which demonstrate that the memory entry of our all-optical memory is stable on a timescale of minutes. Here, we provide additional data which show that the lifetimes of the memory elements span at least several months. To do so, we consider a GST section embedded in a ring resonator as used in the context of Fig. 3 . We monitor the optical transmission of a selectively switched resonance, here exemplary at 1574.8
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nm. The different transmission values of the cavity resonance upon switching and time evolvement are presented in Fig. S11 . The GST was initially prepared in the crystalline state by a hotplate (black curve) and then optically switched into the amorphous state (red dotted trace).
After three month the device was measured again (solid blue curve).
Figure S11. Non-volatile nature of the memory cell. Optical transmission through an evanescently coupled ring resonator with embedded GST element. The PCM was first prepared in the crystalline state (black trace) and then optically switched into the amorphous state (red dotted trace) which modifies the cavity resonance. A measurement three months after the preparation (blue trace) reveals that the cavity resonance and thus the amorphous phase are still preserved.
As the blue curves shows, the cavity transmission and thus the phase of the GST has not changed within this time period. Therefore, the amorphous (the thermodynamical metastable)
phase is stable on these timescales. This demonstrates that the stored data in our memory remains non-volatile on a timescale of at least several months; indeed, there is no reason to doubt that it will remain non-volatile on the timescale of years, as already proven in the literature for GST in many other memory configurations.
